A large fraction of sequence variants of unknown significance (VUS) of the breast and ovarian cancer susceptibility genes BRCA1 and BRCA2 may induce splicing defects. We analyzed 53 VUSs of BRCA1 or BRCA2, detected in consecutive molecular screenings, by using five splicing prediction programs, and we classified them into two groups according to the strength of the predictions. In parallel, we tested them by using functional splicing assays. A total of 10 VUSs were predicted by two or more programs to induce a significant reduction of splice site strength or activation of cryptic splice sites or generation of new splice sites. Minigene-based splicing assays confirmed four of these predictions. Five additional VUSs, all at internal exon positions, were not predicted to induce alterations of splice sites, but revealed variable levels of exon skipping, most likely induced by the modification of exonic splicing regulatory elements. We provide new data in favor of the pathogenic nature of the variants BRCA1 c.212+3A4G and BRCA1 c.5194À12G4A, which induced aberrant out-of-frame mRNA forms. Moreover, the novel variant BRCA2 c.7977À7C4G induced in frame inclusion of 6 nt from the 3¢ end of intron 17. The novel variants BRCA2 c.520C4T and BRCA2 c.7992T4A induced incomplete skipping of exons 7 and 18, respectively. This work highlights the contribution of splicing minigene assays to the assessment of pathogenicity, not only when patient RNA is not available, but also as a tool to improve the accuracy of bioinformatics predictions. Keywords: variants of unknown significance; splicing defects; splicing reporter minigene; breast and ovarian cancer; BRCA1 and BRCA2
INTRODUCTION
The interpretation of variants of unknown significance (VUS) found in the molecular screenings of the breast and ovarian cancer susceptibility genes, BRCA1 and BRCA2, is essential for genetic counseling of patients and their families and for the implementation of new therapies targeted to carriers of BRCA mutations, such as those based on poly-(ADP-ribose) polymerase inhibitors. 1 The number of these variants already exceeds that of the reported pathogenic mutations, and is expected to increase rapidly with the use of new high throughput sequencing technologies that are based on massive parallel sequencing. 2 It is now widely accepted that RNA analyses should be used to improve the assessment of pathogenicity of sequence variation, because a large fraction of sequence variants, both intronic and exonic, may induce splicing defects. However, in many cases, patient RNA is either not available or it has been obtained in ways that do not ensure its stability. Moreover, it is sometimes difficult to detect the mRNA affected by a truncating mutation because of the activation of the nonsense-mediated mRNA decay pathway. 3 Functional assays of the effect of VUS on RNA splicing, using patient genomic DNA and a splicing reporter hybrid minigene, focus on the gene region carrying the variation and compare the wildtype and the variant sequence under identical conditions, thus providing direct proof of the involvement of the sequence change in the splicing alteration. 4, 5 These assays are also very useful to clarify ambiguities of reverse transcriptase (RT)-PCR data obtained from patient RNA. 6, 7 We have previously compared the results of splicing reporter minigene assays with those of patient blood RNA analyses, on large numbers of VUS of the mismatch repair genes 6 as well as of the BRCA genes. 7 Although these assays test variants in an artificial exon context, we showed that they detect rather accurately VUSs that induce splicing alterations.
Considering the very large numbers of VUSs of the BRCA1 or BRCA2 gene that could potentially affect RNA splicing, it is essential to define strategies for the stratification of functional assays. Several recent studies indicate that, for routine applications in molecular diagnostic laboratories, bioinformatics predictions are useful, at this time, only for variants that affect exon-intron junctions or generate new splice sites, or induce the use of cryptic sites by decreasing the strength of natural splice sites. [6] [7] [8] [9] [10] The main purpose of this study was to evaluate, in the molecular diagnostic context, the performance of bioinformatics predictions for the selection of variants that potentially induce splicing alterations. To this end, we studied 53 VUSs of BRCA1 or BRCA2 (30 in exons and 23 in introns) found in consecutive molecular screenings in the laboratories of the French Northwest Canceropole (Caen, Lille and Rouen) in the years 2008 and 2009. We applied to these VUSs an extensive bioinformatics analysis using most of the available software that predict changes of splice site strength or position. We have not attempted in this work to predict alterations of splicing regulatory elements. In parallel, we tested all 53 VUSs using a minigene-based splicing assay and, in a majority of cases, also by RT-PCR analyses on patient blood RNA.
PATIENTS AND METHODS Patients
The 53 BRCA1 or BRCA2 variants tested were detected in index cases selected from families undergoing genetic counseling in the French North West breast cancer genetics network. The criteria for diagnostic mutation screening of BRCA genes were according to the current French recommendations. All families were tested for the presence of BRCA1 or BRCA2 point mutations or small deletions/insertions using denaturing high-performance liquid chromatography or high-resolution melting) followed by sequencing. Screening for large genomic rearrangements of BRCA1 was performed for all probands with a combination of the multiplex ligation-dependent probe amplification method and the quantitative multiplex PCR of short fluorescent fragment method. 11, 12 These analyses failed to reveal obviously pathogenic mutations. All patients and controls gave signed informed consent.
Nomenclature
The DNA mutation numbering is based on the cDNA sequence for BRCA1 (GenBank NM_007294) and BRCA2 (GenBank NM_000059). The nomenclature system for the description of changes in DNA, RNA and protein follows the recommendations of the Human Genome Variation Society, with numbering starting at the first position of the translation initiation codon.
Blood samples, nucleic acid extraction and RT-PCR analysis on patient blood RNA Patient DNA was isolated from peripheral blood samples collected in EDTA tubes using either a manual (QIAamp DNA mini kit) or an automated (EZ1 DNA Blood kit on BioRobot EZ1 workstation) procedure (both from Qiagen, Hilden, Germany). For RNA analysis, whole blood was collected from patients and voluntary control subjects (PAXgene Blood RNA tubes; Qiagen). RNA extraction and RT-PCR were performed as previously described. 7, 13 
Splicing predictions
Five different splice site prediction algorithms were used: Splice Site Finder (SSF-like, see http://www.interactive-biosoftware.com), Gene Splicer (GS, http://www.tigr.org/tdb/GeneSplicer/gene_spl.html), splice site prediction by Neural Network (NNS, http://www.fruitfly.org/seq_tools/splice.html), MaxEntScan (MES, http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html) and Human Splicing Finder (HSF, http://www.umd.be/HSF/). SSF, MES, GS and NNS were interrogated simultaneously using the integrated software Alamut V.1.5 (Interactive Biosofware; http://www.interactive-biosoftware.com). Default thresholds were used for all the analyses.
Databases
The following databases were consulted: Breast Cancer Information Core: http://research.nhgri.nih.gov/bic/; Leiden Open Variation Database v.2.0; http://chromium.liacs.nl/LOVD2/cancer/home.php.
Ex vivo splicing assay using a reporter minigene BRCA1 or BRCA2 exons relevant to this study were amplified by PCR from genomic patient DNA, including B150 bp of 5¢ and 3¢ flanking intronic sequences, using forward and reverse primers carrying 5¢ tails that contained restriction sites for BamHI and MluI, respectively. Primer sequences are available on request. When the region to be amplified contained one of these restriction sites, the primer tails included the restriction sites BglII or AscI, which are compatible with the BamHI and MluI sites, respectively, present in the splicing reporter minigene pCAS. Detailed descriptions of this splicing reporter minigene have been published. 4, 6 Minigenes carrying the wild-type and the variant genomic segment were then identified by plasmid sequencing and were transfected separately into HeLa cells. Cell transfections, recovery of RNA from transfected cells and analysis of mRNA expressed from the hybrid minigene constructs were performed as previously described. 4, 6 The HeLa cell line, derived from human cervical cancer cells, was used because these cells have a high transfection efficiency and because many biochemical studies on mRNA splicing are performed with HeLa nuclear extracts.
RESULTS

Variants predicted to induce splice site changes
We evaluated the effect of 53 consecutive VUSs on RNA splicing by using five bioinformatics programs (SSF, MES, GS, NNS and HSF, see Patients and methods) that predict changes of splice site strength or generation of new splice site, or activation of cryptic splice sites. The distribution of these VUSs was as follows: 26 in BRCA1 (14 in introns, 12 in exons, including 4 silent substitutions) and 27 in BRCA2 (9 in introns, 18 in exons, including 8 silent substitutions) as shown in Supplementary Table S1 . Mutations of the conserved GT and AG positions at the 5¢ and the 3¢ boundary of introns, respectively, were not considered. Moreover, VUS affecting exon 11 of BRCA1 or exon 11 of BRCA2 were excluded, because the large exon size would require special minigene constructs for functional splicing analyses.
We defined as belonging to the group of strong predictions (here denoted type 1 predictions), the VUS for which (i) decrease by at least 10% of the score of natural splice sites was predicted by at least two algorithms, or (ii) the generation of a novel splice site with a score similar to or higher than the natural one was predicted by at least two algorithms, or (iii) the natural splice site was predicted by at least two algorithms to have reduced strength and a strong cryptic site was predicted to be present in the surrounding exonic or intronic sequence. By default, we classified all other VUSs in a group denoted type 2 predictions. To evaluate the accuracy of type 1 predictions, we tested all 53 VUSs by using the previously described pCAS minigene assay 4, 6, 7 and by performing RT-PCR analyses on patient RNA, whenever available, that is, in 30 cases (56%). These variants and their effects in the minigene assay and in the patient RNA are shown in Supplementary Table S1 .
The group of type 1 bioinformatics predictions comprised 10 VUSs (listed in Tables 1 and 2 ). These predictions were confirmed by minigene-based analyses in four cases ( Table 1 ). The six type 1 predictions that were not confirmed are listed in Table 2 .
BRCA1 c.212+3A4G was predicted to reduce the score of the natural donor splice site (DSS) and to activate an exonic cryptic DSS (Supplementary Table S2 ). Indeed, this variant induced, in the functional splicing assay, the production of an altered mRNA form, deleting 22 nt from the 3¢ end of exon 5 ( Figure 1a) . We confirmed the presence of this defect in patient blood RNA (Table 1) .
BRCA1 c.5194-12G4A was predicted to induce the creation of a strong intronic acceptor splice site (ASS) while reducing the strength of the natural ASS (Supplementary Table S2 ). This variant induced, in the functional splicing assay, the production of an mRNA species including 10 nt from the 3¢ end of intron 19 ( Figure 1b) . RNA was not available from patients carrying this sequence change.
BRCA2 c.7977-7C4G was predicted to create a strong intronic ASS while reducing the strength of the natural ASS (Supplementary  Table S2 ). This variant induced the production of an mRNA species that included 6 nt of the 3¢ end of intron 17 ( Figure 1c ). No trace of normal exon inclusion was found by sequencing and a minor species lacking exon 18 was also observed. The inclusion of 6 nt of intron 17 was confirmed by RT-PCR analyses of patient blood RNA (Table 1) .
For BRCA2 c.8168A4G, creation of a strong potential DSS was predicted within exon 18. The minigene assay showed an incomplete effect, with presence of a major product containing the exon 18 sequence together with a minor product lacking the last 164 nt of this exon ( Figure 1d ). Patient RNA was not available for this variant ( Table 1) .
As shown in Table 2 , bioinformatics predictions highlighted six additional VUS with type 1 predictions, for which no effect on RNA splicing was observed using minigene assays: BRCA1 c.81-13C4A, BRCA1 c.81-18C4A, BRCA1 c.5334T4C, BRCA2 c.68-7T4A, BRCA2 c.517-20A4G and BRCA2 c.9501+4A4G. Absence of splicing alterations could be confirmed on patient blood RNA, except for BRCA1 c.81-18C4A, for which patient RNA was not available, and BRCA2 c.68-7T4A. An enhancement of exon 3 skipping, compared with controls, was observed for the latter variant in patient RNA, but this effect was not observed in the pCAS minigene assay. The reasons for this discrepancy are discussed below.
Variants not predicted to induce splice site changes, but producing an effect in minigene assays Among the 43 type 2 predictions, we found five VUSs that induced splicing alterations in the minigene assay (Table 3) . We have recently characterized in detail the effects of one of them, BRCA1 c.5434C4G. 13 The other variants shown in Table 3 also induced incomplete, but in some cases strong, skipping of the affected exon. These alterations were confirmed in patient RNA, except for BRCA1 c.557C4A, for which a minor band corresponding to exon exclusion was found in the minigene assay, whereas patient RNA analysis showed only a slight enhancement of the isoforms with skipped exons 9 and 10. Notably, these five VUSs, with predictions classified type 2 and with consequences on RNA splicing, were all at internal exon positions. Conversely, none of the 15 VUSs with type 2 bioinformatics predictions but located at intronic positions (listed in Supplementary Table S1 ) showed an effect in functional splicing assays, nor in patient RNA, when available.
DISCUSSION
Evaluation of bioinformatics predictions of splicing alterations
A major aim of this study was to evaluate bioinformatics predictions of splice site changes (changes of the scores of natural splice sites, creation of new splice sites or activation of cryptic splice sites) on a large collection of exonic and intronic VUSs that was generated during consecutive screenings in our molecular diagnostic laboratories. To avoid a bias in this evaluation, we have excluded changes at the nearly absolutely conserved GT/AG positions at the 5¢ and the 3¢ intron boundaries, as, with very few exceptions, they can be interpreted directly as having an effect on mRNA splicing. In a previous study, 7 based on selected variants for which patient RNA was available, we have shown the accuracy of splicing minigene assays to assess the consequences of BRCA variants on RNA splicing. Here we evaluated the bioinformatics predictions primarily against results of minigene assays because these assays do not depend on the availability of patient RNA. At variance with previous publications, 7, 8 we studied all consecutive VUSs found in our molecular diagnostic activities without selection, except for VUS of the large exon 11 of BRCA1 and the large exon 11 of BRCA2, which require special minigene constructs. 14 We have used rather permissive criteria for the interpretation of the predictions of five algorithms (significant threshold of variation set at as low as 10% and concordance between two algorithms considered sufficient). By using these criteria, 10 of the 53 VUSs had type 1 predictions (ie, affected exon-intron junctions or generated new splice sites or induced the use of cryptic splice sites by lowering the strength of natural sites). Four of these VUSs indeed induced splicing changes in the minigene assay (Table 1) , whereas six were associated with falsepositive predictions ( Table 2 ). The observation of an important fraction of false-positive predictions underlines the need of patient RNA analyses and/or functional assays, even when multiple bioinformatics programs predict splicing alterations associated with important score variations.
The false-positive type 1 predictions may be explained in some cases (BRCA1 c.81À18C4A and BRCA2 c.517À20A4G, Table 2 ) by the criteria used for the interpretation of score differences, because in these cases most algorithms predicted either no change of splice site score or changes that were close to the threshold of 10% set in this study. However, the data shown in Table 2 globally indicate that falsepositive predictions of splicing defects may occur even when multiple algorithms predict variations of splice site strength. The specificity of bioinformatics predictions may be increased by requiring a higher percentage of score variation and possibly by taking into account not only the percentage of variation, but also the strength of the natural splice site. Houdayer et al 9 used VUS of the RB1 gene as a model and proposed a threshold of 20% for the significant difference between variant and wild-type score. However, they also provided evidence that this threshold is too high to ensure optimal sensitivity. Different compromises between sensitivity and specificity may be chosen by varying the stringency of the interpretation of multiple algorithms. For example, for the variants of Table 1 that affect splice site strength and that induce splicing alterations, a defect is predicted even using stringent conditions, such as requiring a minimum of three algorithms with score difference of at least 20% (see Supplementary Table S2 ). Using these stringent conditions, only two of the six variants listed in Table 2 would be false positives. However, an independent large set of variants, with experimentally observed effects or without effect on splicing, should be used for defining the best combination of programs and the interpretation criteria that may reduce false positives to a minimum, without affecting sensitivity.
Vreeswijk et al 8 suggested that intronic VUS not predicted to alter splice sites by at least two of three informative algorithms should be considered most likely neutral without testing them on patient RNA. Although more subtle effects of intronic changes on gene expression cannot be ruled out, our data support their suggestion. In fact, we have examined 23 intronic VUS, all at positions distinct from the conserved dinucleotides at the exon boundaries (see the Supplementary Table S1 ) and found an effect on splicing only among variants with type 1 predictions (ie, the three intronic variants listed in Table 1 ). This observation suggests that, for stratifying variants before performing functional assays, a low priority may be given to intronic variants, for which no effect on splicing is predicted. Considering that exclusion from functional testing is an important medical issue, we suggest the use of the present definition of type 1 predictions (two algorithms predicting score difference of at least 10%) until different criteria can be established on the basis of more extensive comparisons of bioinformatics predictions and experimental data.
On the other hand, we found that five of the nine VUSs that induced splicing alterations in the minigene assay were in group 2 of bioinformatics predictions and were all located at internal exonic positions (Table 3) . These five VUSs would be missed, if one would use only predictions aimed at the detection of splice site changes (ie, type 1). These five variants are likely to affect exonic splicing regulatory elements, as we have already demonstrated for one of them (BRCA1 c.5434C4G). 13 A detailed characterization of the effects on splicing of the other four exonic VUS listed in Table 3 is in progress.
Contribution to the assessment of pathogenicity For each of the previously reported VUS listed in Table 1 , the splicing alteration detected in minigene assays is in good agreement with previous predictions of pathogenicity, that were based on multifactorial likelihood ratio (LR) models. These models take into account multiple sources of data, including family data, tumor histopathology and co-occurrence with a deleterious mutation. [15] [16] [17] For previously not reported variants, or when family data had not been discussed in the publication of particular variants, we list in Tables 1 and 3 (last columns) the relevant features of patients in the corresponding families.
BRCA1 c.212+3A4G, had been previously predicted to be a deleterious change, by using a multifactorial LR model. 15 It was reported with no effect on splicing, 18 but another study 19 reported an effect in patient RNA. These discrepancies may reflect differences in RNA quality or stability of the relevant transcripts. Here we demonstrate that BRCA1 c.212+3A4G is a deleterious splicing mutation, because it induces, in the monoallelic minigene assay, the complete loss of the mRNA form containing the full exon 5 sequence and its replacement by a mRNA coding for a truncated protein (Figure 1a) . BRCA1 c.5194-12G4A had been predicted to be deleterious using a multifactorial LR model. 15 Here we show that it induces, in the minigene assay, the complete loss of the normal transcript and its replacement by an out-of-frame mRNA form (Figure 1b) . After submission of this work, Whiley et al 17 have reported the same major splicing defect observed in a lymphoblastoid cell line from a patient carrying this mutation.
For both intronic BRCA1 mutations discussed here, the monoallelic splicing minigene assay, combined with patient RNA data, contributes essential information to the assessment of pathogenicity by demonstrating a complete splicing defect. Although both assays are performed in cell types that are not directly relevant to breast or ovarian tumor formation (ie, in HeLa cells for the minigene assay and on RNA obtained from blood cells or from lymphoblastoid cell lines, for patient mRNA analyses) all splicing defects that fully abolish the use of the natural splice site and induce a frameshift should probably be considered pathogenic, such as the mutations of the conserved dinucleotides at intron boundaries. BRCA2 c.7977-7C4G is a novel variant and induced a complete splicing alteration, because of the use of a new acceptor site and the inclusion of 6 nt of intron 17 (Figure 1c) . Classification of this novel variant awaits further evaluations of the functional consequences of the predicted inclusion of two amino acids into the BRCA2 protein and/or segregation data. Our family data are strongly suggestive of a BRCA2 mutation in both families carrying this variant (last column of Table 1 ).
BRCA2 c.8168A4G (p.Asp2723Gly), located in the central position of exon 18, generated a new donor site that was partially used in the minigene assay and induced the production of a mRNA species lacking 164 nt of exon 18 (Figure 1d) . A frame shift is predicted for this mRNA. Our results are in keeping with recent minigene data 20 and with patient data 21 showing the same aberrant splicing in the RNA of a cell line obtained from a patient carrying this variant. On the basis of multifactorial likelihood analysis, this variant was classified as pathogenic (Table 1) . 15, 16 Among the variants with type 1 predictions, but with no effect in the minigene assay, BRCA2 c.68-7T4A (Table 2 ) deserves particular attention, because, in patient blood RNA, it enhanced the exclusion of exon 3, which is also observed at low levels in control samples. These observations are in keeping with two recent reports, 8, 20 but the relevance to cancer predisposition of this enhanced skipping of exon 3, which is in frame, is still questionable, and thus BRCA2 c.68-7T4A should still be considered as a VUS. The discrepancy observed in this case between the results of our minigene assay and those of RT-PCR analyses on patient blood RNA reflects the nature of the minigene assay used, which targets single exons. When alternative splicing is observed in vivo, sequence variants that modify the relative levels of alternative transcripts can be detected reliably by testing the exon in its natural context, including at least the flanking exons, or by testing it as a single exon, but in a variety of minigenes and in different cell types. A similar explanation applies to the discrepancy observed in Table 3 for BRCA1 c.557C4A between the minigene assay and patient RNA analyses, because BRCA1 exons 9 and 10 are involved in the production of multiple alternative isoforms, 23 but only exon 9 was tested in the minigene assay.
Several internal exonic variants induced moderate or even strong exon skipping in the minigene assay that were confirmed in patient RNA (Table 3) . Strong exon skipping was observed, both in the minigene assay and in vivo, for BRCA1 c.5434C4G, for BRCA2 c.520C4T and for BRCA2 c.7992T4A. We have recently described the molecular basis of exon skipping induced by the BRCA1 c.5434C4G variant 13 and detailed analyses of the effects on exonic regulatory elements of other variants shown in Table 3 are underway. For these variants and especially for BRCA2 c.520C4T, family histories are suggestive of the presence of a BRCA mutation, but at this stage of our study segregation analyses have not been possible.
This work shows that, by using current splicing prediction programs, one can select priorities for functional assays. We propose that VUS defined here as type 1 should be tested with priority, followed by testing all internal exonic variants using splicing reporter minigenes and/or RT-PCR on patient RNA. However, in this series of BRCA variants, this stratification of assays would have provided only a moderate gain in time and costs, because only 15 of the 53 VUSs would have been excluded from functional assays, that is, the 15 type 2 intronic VUSs (10 and 5 for BRCA1 and BRCA2, respectively, see Supplementary Table S1 ). Indeed, no splicing alteration was induced by these intronic variants, in keeping with the previous suggestion 8 that intronic variants for which no effect on splicing is predicted, using multiple algorithms, could be excluded from further analyses. We support that suggestion, at least at the stage of the initial interpretation, in the molecular diagnostic setting, but one cannot exclude the possibility that intronic variants, distant from the exon boundaries, may induce more subtle splicing alterations. 24 In conclusion, the current bioinformatics predictions of splice site strength variation or of creation/activation of new splice sites can be considered as a reliable and necessary tool for the stratification of patient RNA analyses and of functional splicing assays. They allow sensitive detection of VUS that induce splice site changes, but are rather unspecific, unless better rules are defined for the interpretation of score variations. On the other hand, exonic regulatory elements of the BRCA genes should be identified experimentally and recently developed algorithms predicting alterations of these regulatory elements should be validated for use in the diagnostic setting.
